We study the phenomenological viability of a constrained NMSSM with parameters subject to unified boundary conditions from F-theory GUTs. We find that very simple assumptions about modulus dominance SUSY breaking in F-theory unification lead to a predictive set of boundary conditions, consistent with all phenomenological constraints. The second lightest scalar Higgs H 2 can get a mass m H 2 ≃ 125 GeV and has properties similar to the SM Higgs. On the other hand the lightest scalar H 1 , with a dominant singlet component, would have barely escaped detection at LEP and could be observable at LHC as a peak in H 1 → γγ at around 100 GeV. The LSP is mostly singlino and is consistent with WMAP constraints due to coannihilation with the lightest stau, whose mass is in the range 100 − 250 GeV. Such light staus may lead to very characteristic signatures at LHC and be directly searched at linear colliders. In these models tan β is large, of order 50, still the branching ratio for B s → µ + µ − is consistent with the LHCb bounds and in many cases is also even smaller than the SM prediction. Gluinos and squarks have masses in the 2 − 3 TeV region and may be accessible at the LHC at 14 TeV. No large enhancement of the H 2 → γγ rate over that of the SM Higgs is expected.
Introduction
The starting into operation of LHC is already testing many avenues beyond the Standard Model (SM). In particular, the discovery of a boson with mass around 125 GeV [1, 2] and properties compatible with those of the SM Higgs is significantly constraining many of these ideas beyond the SM. In this regard one may argue that such value for a Higgs mass goes in the direction of low energy SUSY, since supersymmetric models predict a lightest Higgs with mass m h 130 GeV. On the other hand, the observed mass is close to the maximum expected in low energy SUSY theories, implying a certain degree of fine-tuning in the SUSY-breaking parameters which must be relatively large. This is also consistent with the no observation as yet of any supersymmetric particle at LHC.
The simplest testing ground for low energy SUSY is the Minimal Supersymmetric Standard Model (MSSM) which does not involve any new particle beyond the SUSY partners required by supersymmetry. Still the MSSM has an unattractive ingredient in its bilinear Higgs superpotential term, the µ-term. Although supersymmetric, this mass term has to be (for no good reason) of order of the SUSY-breaking soft terms to get consistent electro-weak (EW) symmetry breaking and low energy SUSY spectrum. Perhaps the most economical solution to this problem is the scale invariant Next to Minimal Supersymmetric Standard Model (NMSSM) [3, 4] in which a singlet S is added to the MSSM spectrum and the µ-term is replaced in the superpotential by new couplings,
(1.1)
There are no mass parameters in the superpotential and the role of the µ-parameter is now played by λ S which upon minimization of the scalar potential gets naturally of the same order than the SUSY-breaking soft parameters.
The SUSY-breaking soft terms involving the singlet S and the Higgs chiral fields have the general form
As in the case of the MSSM, the most general NMSSM model has plenty of free parameters. On the other hand, in the presence of some underlying unification structure at a high energy scale, one expects the number of parameters to be reduced to a few. In the case of the MSSM, the constrained MSSM (CMSSM) has universal parameters m, M, A, µ and B, where m is the universal scalar mass, M the universal gaugino mass, A the universal trilinear parameter of the standard Yukawa couplings and B the universal bilinear coupling, all of them defined at the unification scale.
Indeed, there are models based on String Theory that lead to such universal selection of parameters or extensions of it (for instance with non-universal Higgs masses), see e.g. [5] and references therein. Similarly, a constrained version of the NMSSM is usually defined in terms of the five universal parameters m , M , λ , κ , A = A λ = A κ .
(1.3)
In practice, however, one usually takes as free parameters m, M, A, tan β and λ (plus the sign of the effective µ-term). The values of m S and κ are fixed upon minimization and hence m S in general does not unify with the rest of the scalars of the theory. The theory is therefore not constrained in the same sense as it is in the CMSSM [6, 7] . One may argue that the singlet may be a bit special and is perhaps not surprising that m S is not unified with the rest of the scalar masses. But then it would be inconsistent to unify the trilinear A-terms. In particular, A λ and A κ should be unrelated to the Yukawa trilinear coupling A. Thus, the least one can say is that the partially constrained versions of the NMSSM considered up to now are slightly inconsistent, unless one allows A λ and A κ as free parameters, with the resulting reduction of predictivity. This is one of the main issues that we address in this paper, namely we try to understand and constraint the structure of the NMSSM parameters at a more fundamental level.
The NMSSM has received recently a lot of attention after the evidence and subsequent discovery of the 125 GeV boson at LHC [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . There are two main reasons for that. On the one hand, in a general NMSSM model the mass of the Higgs particle receives extra contributions from the λSH u H d superpotential term,
where v = 174 GeV is the Higgs vev, m Z is the mass of the Z boson and δ(m 2 h ) denote the loop corrections to the Higgs mass. In the MSSM these loop corrections account for the increasing of the Higgs mass from 90 to 125 GeV, requiring large soft terms, stop mixing and fine-tuning. In the NMSSM, however, the second term in eq. (1.4) gives an additional contribution to the mass for relatively large λ ( 0. 5) and small tan β. This allows to get a fairly heavy Higgs boson while reducing the fine-tuning. The second reason for this recent interest on the NMSSM is the fact that for some regions of the parameter space one may get an enhanced Higgs decay rate to two photons, as suggested by the ATLAS and CMS results as of July 2012 [1, 2] .
As we have already mentioned above, our investigation is however not led by these two interests but rather by the attempt to define a fundamentally-motivated constrained NMSSM and to check it against the present experimental data, including a 125 GeV Higgs. Concretely, as in the CMSSM, a unified gauge symmetry like SU(5) naturally induces universal gaugino masses and also unifies many of the sfermion masses. Further assumptions about the origin of SUSY-breaking may lead to an increased degree of unification of the SUSY-breaking soft terms. That is for instance the case of modulus dominance SUSY-breaking in F-theory SU(5) GUTs (for reviews see ref. [23] ) that we consider here. In refs. [24, 25] boundary conditions of the general form 5) were phenomenologically analysed in the context of the MSSM. These conditions appear naturally in F-theory SU(5) schemes in which one assumes that the auxiliary field of the local Kähler modulus T is the dominant source of SUSY-breaking, see [24] .
In the above references it was found that these boundary conditions are consistent with all low energy constraints, including a Higgs field with mass around 125 GeV and appropriate dark matter relic density. The scheme is very predictive, implying tan β ≃ 41 and a relatively heavy spectrum with M ≃ 1.4 TeV, leading to squarks and gluinos of order 3 TeV. Such heavy spectrum is required after imposing the recent bounds on the branching ratio BR(B s → µ + µ − ) from LHCb [26] and CMS [27] . Actually, the most recent results for this decay [28, 29] corner very much the parameter space of this very constrained MSSM model.
On the light of the above NMSSM discussion, it is thus natural to explore whether the F-theory SU(5) unification idea exploited in [24] for the MSSM may be extended to the case of the scale invariant NMSSM. In this paper we find that the boundary conditions (1.5) are indeed consistent with all the current phenomenological constraints, including a 125 GeV Higgs boson. A large value of tan β ≃ 50 is again selected and a very small λ parameter is required. Small values of λ naively correspond to an effective MSSM limit. Still, the presence of the singlet S leads to quite different physics as compared to the MSSM case. First, the lightest supersymmetric particle is mostly singlino and correct dark matter abundance is obtained due to coannihilation with the lightest stau, which is the NLSP, with masses in the range 1 Gauge fluxes may slightly distort these boundary condition as we will see later [24] .
100 − 250 GeV. Secondly, in addition to the SM-like Higgs with mass around 125
GeV, there is a lighter neutral scalar with mass around 100 GeV which would have barely escaped detection at LEP and that should be detectable at LHC. Thirdly, due to an interference effect, the branching ratio BR(B s → µ + µ − ) is easily consistent with the recent LHCb data and may be even smaller than the SM prediction. Finally, the squark/gluino spectrum is typically lighter than in the MSSM, with masses as low as 2 TeV, easily accessible at LHC at 13 TeV. All in all, we find that these are highly constrained and predictive scenarios which pass all the current experimental constraints with a scale of SUSY-breaking that can be as low as M ≃ 850 GeV.
Another particularly attractive aspect of our theoretical approach is the additional information obtained about the singlet sector. In the context of modulus dominated SUSY-breaking within local F-theory SU(5) unification, the singlet sector is less determined. Still, in the simplest scenarios we expect additional constraints that, to first approximation, are of the form
Due to the approximate nature of these constraints, we do not impose them in our analysis. However and remarkably, we find that almost all the region of the parameter space that the current low energy data selects is also consistent with the relationships (1.6) at the unification scale. This is particularly remarkable for the linear relationship A λ ≃ −M, see figure 10 in section 4. Moreover, the geometric structure of the F-theory unification predicts small values for the couplings λ and κ, in agreement with the phenomenological requirements. The structure of this paper is as follows. In section 2 we describe the F-theory unification structure in the context of NMSSM models with Kähler modulus domination. In section 3 we run the SUSY-breaking soft parameters from the unification scale down to the EW scale according to the renormalization group equations and perform a computerized scan over the complete parameter space of these models.
We also comment on the main phenomenological constraints that shape the allowed regions of the parameter space. The main constraints arise from the Higgs sector, the dark matter relic density and rare decays such as
In section 4 we analyze the consistency of the regions of the parameter space that pass all the current phenomenological constraints, with the F-theory unification structure discussed in section 2. In section 5 we give some benchmarks and discuss their possible signatures at LHC and other future experiments. Finally, we end with some last comments in 2 The NMSSM and F-theory unification F-theory SU(5) unification [31] has been recently the subject of intense research both from the phenomenological and string compactification points of view [23, 32] . These theories provide an ultraviolet completion within string theory to more traditional Chiral matter appears at the complex 1-dimensional pairwise intersections of 7-branes, corresponding to an enhanced degree of the singularity (see figure 1 ). In F-theory language the locus of the intersection is usually called matter curve. In minimal SU(5) GUTs the gauge symmetry is locally enhanced to SU(6) or SO (10) at the matter curves. Indeed, recalling the adjoint branchings
we observe that in the matter curve associated to a 5 (or a5) representation of SU(5) the gauge symmetry is enhanced to SU(6), whereas in the one related to a 10 of SU(5) the gauge symmetry is enhanced to SO (10) . In order to get chiral fermions there must be non-vanishing fluxes along the U(1) and U(1)' symmetries.
In addition to the above matter curves, a third matter curve with an enhanced SU(6)' symmetry is required to obtain Higgs 5-plets. Yukawa couplings appear at the point-like intersection of the Higgs matter curve with the fermion matter curves, as illustrated in figure 1 . At the intersection point the symmetry is further enhanced to SO (12) in the case of 10 ×5 ×5 H down Yukawa couplings and to E 6 in the case In order to make contact with SM physics, the SU(5) gauge symmetry must be broken down to SU(3) × SU(2) × U(1). In these constructions there are no massless adjoints to make that breaking and discrete Wilson lines are also not available.
Nevertheless, one can still achieve such breaking by means of an additional flux F Y along the hypercharge generator in SU(5), leading to the same symmetry breaking effect as an adjoint Higgssing. Interestingly enough, this hypercharge flux is also a source for doublet-triplet splitting of the Higgs multiplets 5 H +5 H .
Besides the above points of SO(12) and E 6 enhancement, F-theory SU(5) GUTs may also contain points at which the gauge symmetry is enhanced to SU(7). These correspond to 5 ×5 × 1 intersections between two 5-plet curves and a singlet curve, as can be derived from the adjoint branching
The bosons associated to the extra U(1)s are in general anomalous and become massive in the usual way.
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The simplest models of this class contain one extra singlet S coupling to the Higgs multiplets and at low energies are equivalent to the scale invariant NMSSM.
In what follows we consider that specific setup. The structure of the superpotential is thus given by with S we see that indeed it may couple to the two Higgs multiplets while respecting the U(1) symmetries.
In an F-theory construction as above there is a Kähler modulus T b whose real part t b describes the size of the 6-dimensional manifold B 3 . In addition, the volume of the 4-cycle S where the SU(5) degrees of freedom live is controlled by a local modulus T with real part t. Finally, the U(1)s live in other 4-cycles different than S whose volumes are controlled by Kähler moduli that we will denote collectively as T S , with real part t S . In a local setting one assumes t, t S ≪ t b , so that to leading approximation we can safely ignore the details of B 3 in order to study the dynamics of the SU (5) 
where we are working in Planck units. Following [40] (see also [5] ), we can make use of scaling arguments in order to extract the leading moduli dependence of the Kähler metrics of the matter fields. For a matter field X living on a divisor S X the Kähler metric admits an expansion for t X ≪ t b of the form
where ξ X is the so-called modular weight of the field with respect to the local modulus t X . For matter fields localized on a matter curve the mentioned scaling arguments yield ξ X = 1/2. In our case we have respectively for the SU(5) matter multiplets and the singlet S
In particular, note that the Kähler metric of S is independent of t. This fact will be relevant for the structure of soft terms discussed below.
The values of t b and t are related to known physical quantities. In particular in the perturbative regime one obtains (see e.g. [5] )
where α G ≃ 1/24 is the gauge coupling at the unification scale, M s = (α ′ ) −1/2 is the string scale and g s = e φ the string coupling constant. For M s ≃ 10 16 GeV one has
.01, consistently with our requirement t ≪ t b .
The couplings λ and κ
Due to the above hierarchy of volumes, physical Yukawa couplings (namely, those that correspond to normalized kinetic terms) may differ substantially from the holomorphic Yukawas appearing in the superpotential. Physical Yukawa couplings h phys are related to the holomorphic ones h 0 by the standard N = 1 supergravity expres-
where K i are the (diagonal) Kähler metrics of the fields involved in the coupling and we do not sum over i, j and k. In particular, for the NMSSM specific Yukawa couplings in eq. (2.4) we obtain
where we have made use of eqs. (2.5) and (2.7). For t S ≃ t ≃ 24 we thus get a suppression factor in relating the holomorphic couplings λ 0 and κ 0 to the physical ones, with λ phys , κ phys ≃ 9 × 10 −2 λ 0 , κ 0 . We will show in section 3 that appropriate EW symmetry breaking in these models together with the current experimental constraints require small physical couplings λ phys and κ phys . This is indeed consistent with the above suppression coming from the Kähler metrics, as typically |λ 0 |, |κ 0 | ≤ We have already mentioned in the previous subsection the possible origin of the cubic λ coupling in eq. (2.4) from the intersection of three matter curves on a point of enhanced SU (7) symmetry. If that is the case, the cubic κ coupling in eq. (2.4)
should arise from instanton corrections that violate the (typically anomalous) U(1)s, under which S is charged (see e.g. [41] ). In particular, the absence of a quadratic S 2 coupling suggests the presence of a Z 3 gauged symmetry remnant of a gauged U(1) X symmetry [42] . One thus expects κ to be a small parameter. 
T -modulus dominance and unified soft-terms
A natural source of supersymmetry breaking in type IIB string theory compactifications, or more generally in F-theory, is the presence of certain classes of closed string antisymmetric fluxes (G 4 fluxes in F-theory). As described in [43] , from the point of view of the 4-dimensional effective supergravity, the supersymmetry breaking fluxes are encoded in non-zero vevs of the F-auxiliary fields of the Kähler moduli. In this work we assume a hierarchy of vevs F t b ≫ F t ≫ F t S as it will lead to a very constrained set of soft-terms. Such hierarchies of auxiliary fields easily arise in large volume models (see [39] ). Thus, following [24] and making use of eqs. (2.5) and (2.7) we can compute explicitly the structure of soft terms at the unification scale for the MSSM sector of the theory, yielding results as in [24] , namely
where M are universal gaugino masses, A are trilinear couplings (which appear multiplied by the SM Yukawa couplings in the Lagrangian) and m H , m5 and m 10 are universal masses for the scalar fields in the three SM matter curves. The parameter ρ H corresponds to a correction describing the effect of gauge fluxes on the Higgs matter curve, see [24] for details. This parameter should be small, of order
In addition to the above MSSM-like soft terms, there are also soft terms that involve the singlet S. The structure of such soft terms is however more subtle since, unlike the SM fields and gauge bosons, S is not localized on the 4-cycle S and therefore may be subject to extra sources of supersymmetry breaking. The statements that one can make for the soft terms involving S are thus more model dependent. In the simplest case, with no other sources of supersymmetry breaking for S other than F t b and F t , making use of the Kähler metric for S, eq. (2.7), yields at the unification scale
where A λ and A κ are the coefficients of the trilinear scalar couplings λ(SH u H d ) and κS 3 in the Lagrangian.
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In the next section we analyze the phenomenological implications of the boundary conditions (2.11) that depend on the two parameters M and ρ H , and we leave λ, κ, A λ , A κ and m S as free parameters. However, as described in detail in section 4, the regions of the parameter space that are consistent with correct EW symmetry breaking, a Higgs mass in the vicinity of 125 GeV and other phenomenological constraints tend to select solutions that are also consistent with the constraints (2.12)! This is remarkable since in no place such second stronger unification conditions were imposed.
Higgs masses, dark matter and other constraints
In order to analyze the phenomenological prospects of the NMSSM models with Ftheory unification boundary conditions discussed above, in this section we run the soft terms eqs. (2.11) from the unification scale down to the EW scale according to the renormalization group equations, and impose radiative EW symmetry breaking in the standard way as well as the main phenomenological constraints. The strongest phenomenological constraints that shape the structure of our solutions come from the Higgs sector, the dark matter relic density and the branching ratio BR(
as we discuss below.
Scanning over modulus dominated NMSSM vacua
Without imposing the extra conditions (2.12), NMSSM models with F-theory unification boundary conditions consist of seven parameters, namely the values of M, ρ H , λ, κ, A λ , A κ and m S at the GUT scale. One combination of these parameters is however fixed by requiring the correct pole mass for the Z boson, m Z = 91.187 GeV [44] .
Equivalently, we can take the six independent parameters to be given by the values of M, ρ H , A λ and A κ at the unification scale, λ at the supersymmetry breaking scale and tan β at the scale m Z . We perform a large scan over this parameter space confidence level [55] . We do not impose a priori any constraint on the muon anomalous magnetic moment (g − 2) µ but will comment on the numerical results for this quantity below.
Despite the large amount of constraints, we find solutions with correct EW symmetry breaking that pass all the current theoretical and phenomenological constraints and have a moderately low scale of supersymmetry breaking, M 850
GeV. All these vacua have large tan β and small λ, typically with tan β 46 and that is fairly decoupled from the SM fields. Such possibility has also been recently considered in [20] .
To be more precise, we represent in figure 4 Dark blue and red points both pass all the current experimental and theoretical constraints.
Dark blue points, however, have a deficiency of neutralino relic density and therefore require some additional source of dark matter.
effectively constrain m H 2 from above, see figure 4 . This upper bound on m H 2 is in particular (slightly) stronger than the one derived from the recent LHC results.
Vacua that are consistent with both LHC and LEP bounds thus have approximately m H 1 = 100 ± 15 GeV and m H 2 = 124 ± 2 GeV, with the signal of H 1 fitting in the 2σ excess observed at LEP [60] .
It is also interesting to compare the predicted reduced cross sections of the SMlike Higgs boson H 2 with the recently observed Higgs signal at the LHC, particularly in the H → γγ channel, as it is starting to being measured with increasing precision.
In figure 5 we represent the reduced signal cross section in the gg → H 2 → γγ channel Dark blue points, however, have a deficiency of neutralino relic density and therefore require some additional source of dark matter. against the mass of H 2 . As we have already mentioned, the singlet component of H 2 is not negligible for the above allowed range of masses. This leads to a mild suppression of the couplings of the SM-like Higgs H 2 to the other SM fields, and in particular to the top quark and the W bosons that dominate the one loop SM contribution to σ γγ (gg → H). Moreover, the stau is not light enough to enhance the di-photon production by running in the loops. Hence, as it can be observed in figure   5 , there is no enhancement in σ γγ (gg → H 2 ) with respect to the SM but rather a mild suppression, with R γγ 2 (gg → H 2 ) ≃ 0.7−0.9. Although this is still in reasonable agreement with the latest LHC results [51, 52] , an experimental confirmation of a large enhancement in R γγ 2 (gg → H 2 ) could disfavour the present class of models.
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For the same above reasons, similar considerations apply to the other reduced cross sections of H 2 , leading also to mild suppressions with respect to the SM. Concretely, we observe R
We now briefly comment on the remaining part of the Higgs spectrum. Apart from H 1 and H 2 discussed above, the pseudoscalar A 1 is also relatively light in these models, with m A 1 350 GeV, see figure 6 . However, it is highly dominated by its singlet component (its doublet composition is insignificant, of the order of ≃ 10 −8 %) and therefore very decoupled from the SM fermions. In this limit the pseudoscalar mass can be written as m Such analysis reveals that the above qualitative results for the Higgs sector also hold at the one loop level, although the range of masses is broadened considerably and small enhancements to the di-photon rate with respect to the SM appear also to be possible.
Neutralino dark matter
The lightest neutralino,χ 0 1 , can be a viable dark matter candidate in the NMSSM with interesting phenomenological properties [61] . It differs from the MSSM in that it now contains a singlino component, which alters its couplings to the SM particles. The neutralino is also very sensitive to the structure of the Higgs sector, since it determines its annihilation cross section in the Early Universe (and thus the theoretical predictions for its relic density) and plays an important role in the computation of the scattering cross section of quarks. 7 Nevertheless, as noted in appendix A, mild enhancements in the di-photon rate with respect to the SM are allowed by keeping the computation of the Higgs masses at the one loop level. In this regard it would be interesting to understand the effect of the complete set of two loop corrections to the NMSSM Higgs sector on the di-photon rate. In our construction, the neutralino turns out to be an almost pure singlino in all the allowed regions of the parameter space. This is due to the very small values of κ, which are at least one order of magnitude smaller than λ as we already showed in figure 3 . This leads to a hierarchical structure in the neutralino mass matrix, κv s ≪ M 1,2 < λv s , which implies that the gaugino and Higgsino components of the lightest neutralino are almost negligible (to less than approximately a 0.1%).
This also implies that the neutralino mass can be small in these scenarios without violating any experimental limit. To a good approximation we can write mχ0 We have represented in figure 7 the mass of the lightest neutralino mχ0 1 against the stau mass mτ , for vacua that pass all current experimental constraints except that of the relic density observed by WMAP. A singlino-like neutralino has reduced couplings to the SM particles and thus generally displays a small annihilation crosssection in the Early Universe. As a consequence, the relic density is too large in most of the parameter space, and typically exceeds the WMAP range 0.1008 < Ωh 2 < 0.1232 (at the 2σ level). The relic density can be lowered through coannihilation effects when the stau mass is very close to that of the neutralino. In fact, we observe that the allowed regions of the parameter space have mτ − mχ0 1 ≈ 10 GeV. This leads to a very interesting prediction of this scenario, namely that the stau mass is in the range 110 GeV < ∼ mτ < ∼ 250 GeV. Notice that unlike the scenarios discussed in ref. [25] , the stau-neutralino mass difference is never small enough to allow for long-lived staus.
Dark matter can be detected directly through its scattering off nuclei in a detector. The interaction of neutralinos with quarks has contributions from s-channel squark exchange and t-channel Higgs exchange diagrams. Since the neutralino is a pure singlino state, its coupling to squarks is completely negligible. A pure singlino only couples to the singlet part of the Higgs, but this coupling CS SS = −2 √ 2κ vanishes in the limit κ → 0 and is tiny in our vacua. This results in a extremely small neutralino-nucleon scattering cross-section. In particular, the theoretical predictions for the spin-independent contribution is below σ 
Constraints on rare decays and the muon anomalous magnetic moment
Rare decays constitute excellent probes for new physics beyond the SM. In particular, the effect of flavour-changing neutral currents in b-physics signals is extremely interesting in supersymmetric models, since it can be sizeable at large tan β, and rather sensitive to the Higgs sector. For example, supersymmetric contributions to the branching ratios of the rare processes B s → µ + µ − or b → sγ can easily exceed the experimental measurements of these quantities and generally lead to stringent constraints on the parameter space. This is particularly important in the NMSSM due to the presence of new scalar and pseudoscalar Higgsses which induce new contributions to these observables. Let us start by addressing the branching ratio BR(B s → µ + µ − ). This observable can be written in terms of the Wilson coefficients which appear the effective
Hamiltonian that describes the transition b → s as follows,
In the SM calculation of this quantity [62] only C A is relevant, since C S and C P are suppressed by the small Yukawas. However, in supersymmetric theories, there are penguin contributions involving the neutral scalar and pseudoscalar Higgs bosons to C S and C P which can be sizeable, both in the MSSM [63] and the NMSSM [64] [65] [66] .
In the MSSM one finds BR(
× 10 −9 [29] , especially for light pseudoscalars. In the NMSSM the Wilson coefficient C P receives contributions from both pseudoscalar
Higgses, but it is only their doublet component that contributes.
As we have already commented in section 3.2, the viable points resulting from our scan display a relatively light pseudoscalar, m A 1 350 GeV, which is a pure singlet.
Therefore, it does not contribute to the Wilson coefficient C P , and only the heavy pseudoscalar A 2 has to be taken into account. The latter is rather heavy (in our scan its mass varies in the range from 1 to 1.4 TeV) and as a consequence the resulting value of C P is also small. In fact, it is of the same order as the SM contribution We will now briefly turn our attention to the branching ratio BR(b → sγ). In the past years this has been one of the strongest constraints on supersymmetric models, mainly because of the additional contributions from loops of charged Higgs bosons.
There are also specific contributions from the extended Higgs and neutralino sectors of the NMSSM, although these start at the two loop level [64, 65] . Whereas imposing the experimental result BR(b → sγ) = (3.52 ± 0.23 ± 0.09) × 10 −4 generally leads to constraints on the NMSSM parameter space [67] , our scan reveals that these bounds are now superseded by those on BR(B s → µ + µ − ) discussed above. Therefore, the current experimental bounds on BR(b → sγ) do not have a large impact in the space of parameters of these models.
Let us finally address the supersymmetric contribution to the muon anomalous magnetic moment, a SUSY µ . The observed discrepancy between the experimental value [68] and the Standard Model predictions using e + e − data, favours positive contributions from new physics. These can be constrained to be in the range 10.1 × 10 −10 < a SU SY µ < 42.1 × 10 −10 at the 2 σ confidence level [69] where theoretical and experimental errors are combined in quadrature (see also refs. [70, 71] that lead to a similar range). However, if tau data is used this discrepancy is smaller 2.9 × 10 −10 < a SU SY µ < 36.1 × 10 −10 [71] . The theoretical predictions for this observ-
2.88 · 10 To illustrate this discussion, we display the specific values of these low energy observables for our choice of representative benchmark points in table 3.
Consistency with F-theory unification
In the previous section we have discussed the main phenomenological constraints that shape the parameter space of NMSSM vacua with F-theory unification boundary conditions eqs. (2.11). We now describe the overall structure of the allowed regions and further comment on their consistency with an underlying F-theory unification structure, including also the extra conditions (2.12).
Indeed, as we have already mentioned, leaving the singlet sector unconstrained, NMSSM vacua with F-theory unification boundary conditions are completely specified by six parameters that encode the relevant information of the local F-theory background. In our scan these are given by the values of M, ρ H , A λ and A κ at the unification scale, λ at the supersymmetry breaking scale and tan β at the scale m Z .
However, in specific F-theory GUTs the singlet sector will also satisfy a set of boundary conditions at the unification scale which, under the simplifying assumptions of section 2, are given by eqs. (2.12). Hence, the number of independent parameters in specific models can be reduced from six to three (for instance, the values of M, ρ H and λ at the unification scale), as we discuss below.
M, ρ H and tan β
Let us first address the effect of the phenomenological constraints on the region of the parameter space spanned by M, ρ H and tan β. We have represented in figure 8 the distribution of phenomenologically viable NMSSM vacua with F-theory unification boundary conditions (2.11), over the relevant region of the plane (M, tan β). As we have advanced in previous sections, vacua satisfying all the current phenomenological constraints sit in the region of large tan β, with tan β 46. In this region the contribution of the heaviest pseudoscalar A 2 to the branching ratio BR(
is such that it leads to important cancellations with the SM contribution, giving rise to comparable or even reduced values with respect to the SM (see section 3.4).
For regions of the parameter space where the above cancellation is maximal the branching ratio BR(B s → µ + µ − ) in particular becomes too small, below the recent 95 % confidence level lower limit measured by the LHCb collaboration [29] . For moderately large values of tan β, this disfavours a band in the plane (M, tan β) with approximately 1200 GeV M 1800 GeV, see figure 8 . Nevertheless, the reader should bear in mind that all points in this band have BR(
and therefore many of them are actually within the theoretical uncertainties from QCD [63] .
Regarding the scale of supersymmetry breaking, we observe in the same figure that the lower bound on M compatible with all the current experimental constraints is M ≃ 850 GeV. Below that scale, the cross section for the SM-like Higgs decay
becomes larger than the most recent experimental upper limits set by the CMS and ATLAS collaborations [47, 72] . On the other hand, since the LSP is a singlino-like neutralino, its mass mχ0 Similarly, we have represented in figure 9 the distribution of phenomenologically viable vacua on the plane (ρ H , tan β). In this case, the LHCb upper limit on Having looked at the effect of the phenomenological constraints on M, ρ H and tan β, let us now move on to the discussion of the singlet sector.
down-type Yukawa couplings to be reliable. In order to make a more quantitative estimation of the compatibility between the phenomenological constraints and the F-theoretic relations for the singlet sector, we can consider a slightly more general Kähler metric for S than that of eq. (2.7), depending also on the Kähler modulus of S,
Making use of this metric, the boundary conditions (2.12) generalize to
where the simple F-theory unification conditions for the singlet sector, eqs. (2.12), are recovered for ξ t = 1. Making use of these equations we can estimate the modular weight ξ t in three different ways (one from each equation) for each vacuum in our scan with boundary conditions (2.11) and unconstrained values of A λ , A κ and λ.
If the vacuum is consistent with the F-theoretic boundary conditions, the three estimations of ξ t should agree with each other and with ξ t ≃ 1. We have represented in figure 11 (left) the maximum value of the three estimations against the mass of the SM-like Higgs H 2 for vacua that pass all the current experimental constraints. We observe in this figure that the latter strongly favour the F-theory value ξ t = Hence, whereas in the scan over modulus dominated vacua that we have performed in section 3.1 we have taken six independent parameters, it turns out that many of the vacua that satisfy all the current experimental bounds can be actually described to a large extend in terms of just three parameters, namely M, ρ H and λ, satisfying the boundary conditions (2.11) together with the additional boundary conditions (2.12) for the singlet sector. 
Supersymmetric spectrum and signatures
The model is extremely predictive. After imposing all the experimental constraints on the parameter space we are left with a very characteristic supersymmetric spectrum. In table 4 we indicate the masses of the various supersymmetric particles and
Higgs bosons for a series of representative benchmark points.
Regarding the Higgs sector, this model provides a very interesting scenario, with two light scalar Higgses. In this sense it seems similar to the proposal of ref. [20] where the lightest Higgses had masses of 98 and 125 GeV. Notice however that the solution that we find belongs to a completely different region of the NMSSM parameter space. The most important differences are the large value of tan β in our scenario and the very small values of both λ and κ. Also µ ef f > ∼ 1 TeV, thus being much larger than in ref. [20] . This leads to a different phenomenology (as already emphasized in section 3.2, most notably, in our case we predict no enhancement of Higgs decay H 2 → γγ). Notice also that this scenario does not contain exotic channels for Higgs decay of the two lightest CP-even states, since the pseudoscalar is heavier than H 1 and H 2 . In any case, we can be certain that this scenario can be tested through the branching fractions of these two lightest states. In particular, the lightest Higgs could lead to a peak in the H 1 → γγ channel around 100 GeV that would be observable at the LHC. Regarding the lightest pesudoscalar, it is singlet like and its production rate is extremely suppressed. The heavier pseudoscalar and the third CP-even Higgs state are doublet like, but very heavy and thus very difficult to produce.
The coloured section is in the 1. This kind of spectrum is very similar to what is obtained in the Constrained NMSSM [6] and both share the same search strategies. In particular, the branching ratios of the lightest chargino and the second and third neutralino states into the stau NLSP are sizable, thus potentially leading to significant rates of tau-rich final states [73, 74] . Let us be more specific about this. Left-handed squarks can decay into the lightest chargino with a branching fraction of approximately 65% and into the third neutralino with 33%, whereas right-handed squarks decay mostly into the second neutralino with a branching fraction of approximately 99%. Regarding the stops, the lightest stop undergoes the following decayst 1 →χ 0 2 t (60%),t 1 →χ 0 3 t (12%),t 1 →χ ± 1 t (25%). So either if they are directly produced of obtained in gluino decays, the resulting production ofχ Table 4 : Supersymmetric spectrum and Higgs masses for the set of benchmark points. All the masses are given in GeV.
the corresponding neutrino thus giving rise to only one final state tauχ ± 1 → ν ττ1 → ν τ τχ 0 1 . The signal expected from this kind of scenarios is therefore the presence of multitau signals, originated from the two chains of cascade decays, associated to the emission of hard central jets and missing energy [73] .
Notice finally that the upper bound set by BR(B s → µ + µ − ) implies that the whole spectrum is lighter than approximately 3 TeV. This is well within the reach of LHC at 14 TeV for searches involving multijets plus missing energy.
Discussion
The most elegant solution to the µ-problem in the MSSM is perhaps its extension at LEP and could be observable at LHC as a peak in H 1 → γγ at around 100 GeV.
The LSP is mostly singlino and may provide for the correct relict density thanks to coannihilation with the lightest stau, which is the NLSP with a mass in the range 100-250 GeV. Such stau NLSP leads to signals at LHC involving multi-tau events with missing energy. In this model the value of tan β is very large, tan β ≃ 50, still the branching ratio for B s → µ + µ − is below recent LHCb and CMS bounds and in many cases is smaller than the SM prediction, due to an interference effect. Gluinos and squarks have masses in the 2 − 3 TeV range with a stop with a mass as low as 1.2 TeV, all within reach of LHC (14) . On the other hand no large enhancement of the H 2 → γγ over that of the SM is expected. It is exciting to think that, if indeed the signatures above are observed at LHC, it will be evidence not only for SUSY but for an underlying F-theory unified structure. 
A The Higgs sector at one loop
For completeness, in this appendix we repeat the analysis of section 3.2 taking only into account one loop radiative corrections, as well as the two loop contributions to the bottom and top Yukawa couplings to leading logarithmic approximation.
Namely, in this appendix we do not consider two loop radiative corrections to the Higgs sector. As we summarize below, the results however agree qualitatively with the ones in section 3.2, showing the robustness of our conclusions.
In the models that we consider in this paper two loop radiative corrections tend to lower Higgs masses in as much as 2 -5 GeV. Thus, at one loop we find in general higher masses than those in section 3.2. In spite of this, the mass of the lightest Higgs, H 1 , is still not large enough to fit the LHC Higgs signal at any region of the parameter space, so that the role of the SM-like Higgs boson has again to be played by H 2 . In figure 12 we represent the distribution of masses Regarding the reduced cross sections of the SM-like Higgs boson H 2 , we find that the contribution from stau loops to the diphoton rate production become relevant in some cases, allowing for small enhancements with respect to the SM, as it can be seen in figure 13 . More precisely, we observe from that figure that the reduced signal cross section R γγ 2 (gg → H 2 ) lays in the range 0.6 − 1.4.
